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Abstract 
Flame spread over solid fuels immersed in an opposing-flow field has been 
subject of countless studies throughout the last 4 decades. The implications 
connected to the problem are multiple and disparate, from fire-safety to rocket 
propulsion. In condition of normal gravity, on Earth, an opposing-flow due to 
buoyancy is always present. The present work is focused on the interaction 
between this natural convective flow and the aerodynamic boundary layer  
generated by a forced-flow blown over thin cellulosic or PMMA fuel sheets. A 
wind tunnel was used to generate the air flow, in the velocity range of 0-100 
cm/s, and to blow it against the spread of a laminar flame over the solid fuel 
samples. Experiment were ran in a vertical downward and in a horizontal 
configuration to change the angle of gravity with respect to the spread direction 
and hence the importance of the buoyancy-generated flow. Results showed, for 
constant nominal flow velocity, a decreasing spread rate during the flame motion 
along the sample. This can be related to a flow residence time reduction due to 
the increasing velocity actually seen by the flame embedded in the boundary 
layer. The consequent decreasing of the Damkhöler number prematurely leads 
the flame spread into a finite-rate regime characterized by local blow offs and 
then extinction. From the spread rate results comparison for the two 
configurations also an approximate evaluation of the buoyant flow velocity 
inside the wind tunnel was performed. In both configurations the distance from 
the sample leading edge at which the flame experienced extinction was found to 
increase with the free-stream velocity. Comparing horizontal and downward 
spread, extinction distance was found to be generally larger in the second case 
but the difference was appreciable only for high nominal flow velocities. 
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"When I was a little kid, my mother told me not to stare into the sun, 
So once, when I was six, I did…” 
Maximilian Cohen 
"Finisce sempre così. Con la morte.  
Prima però c'è stata la vita, nascosta sotto il bla bla bla bla bla..  
E' tutto sedimentato sotto il chiacchiericcio e il rumore.  
Il silenzio e il sentimento. L'emozione e la paura.  
Gli sparuti incostanti sprazzi di bellezza,  
e poi lo squallore disgraziato e l'uomo miserabile.  
Tutto sepolto dalla coperta dell'imbarazzo dello stare al mondo. Bla bla bla bla.. 
Altrove c'è l'altrove. Io non mi occupo dell'altrove.  
Dunque, che questo romanzo abbia inizio.  
In fondo, è solo un trucco. Si, è solo un trucco…"  
Jep Gambardella 
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Chapter 1 
Introduction 
 
1.1 Combustion generalities 
Combustion has played a fundamental role in the history of mankind since the 
very beginning of civilization. With the advent of the industrial revolution and 
since then, countless efforts have been carried on with the aim of a better 
understanding of the process and the involved phenomena. Considering the 
enormous number of applications emerged during the last centuries, it is not 
surprising how the combustion research field has become wide and disparate.  
Combustion is in general a highly exothermic redox reaction between a fuel 
and an oxidant. The reaction can involve more than a fuel and the oxidizer is 
usually atmospheric oxygen. 
Reactions need a certain movability of molecules to ensure various species 
diffusion and encounter. Indeed combustion generally occurs with gaseous-phase 
reactants, even in  the case of liquid or solid fuel, where reaction takes place after 
vaporization or pyrolysis.  
Although most of the times the different combustion processes are expressed 
with a single global reaction, they are the result of a large number or elementary 
chemical reactions, that can be seen as the steps through which the global one 
takes place. These elementary reactions can be either exothermic or endothermic, 
even though the global combustion reaction is of course exothermic. The 
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complete set of reactions is usually very long and hard to be characterized. As 
long as there is no interest in quantify the exact composition of  the products or 
the pollutants emission, it is hence convenient to consider only the global 
reaction or a simplified model. 
The aspects that mainly determine the features of the combustion process are: 
 Chemical kinetic: it depends on the type of fuels and oxidizers considered, 
which determines the elementary reaction steps order (some can be 
simultaneous) and characteristic times. 
 Heat transfer: the reaction rate depends on the temperature at which the 
combustion occurs, which is affected by the heat exchange with the 
ambient through radiation, conduction, convection and of course by the 
heat released by the reaction itself. 
 Mass transfer: molecules mixing is very important in order to sustain the 
combustion process. Gas motion can be ensured by a forced or buoyant 
flow (due to gas density differences but only possible in gravity 
environments). Molecules can also move by diffusion through the media 
because of concentration gradients in space. 
All these phenomena are connected and affect combustion simultaneously, 
therefore they must be analysed together in order to determine the evolution of 
the process.  
The particular combustion process treated in this work is the flame spread over 
thin solid materials. 
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1.2 Flame shape and behaviour 
Although not always present in the process, flame is the typical appearance of 
combustion and its shape and behaviour are dependent on all the three different 
aspects analysed in the previous section. In order to sustain the flame all of them 
need to work properly. 
It is important to say that we use the word flame and not fire because the first 
implies a laboratory-scale size, while the second reminds more to a forest on fire. 
Hence we use the word flame to refer to our experiments, a limiting case of the 
large-scale fires. 
Although some types of flame, like burning candles or matches, look very 
simple and familiar to us, the physics involved in the phenomena is very 
complicate. The heat generated by reaction melts and then vaporizes the wax of 
the candle, or, for what concern the match, causes the pyrolysis of the wood. The 
resulting flammable vapour mixes together with the oxidizer flow induced by 
buoyancy (which gives to the flame also its characteristic shape) and burns once 
the flame front is reached. To make the process even more complicate, the flame 
will also move downward on either the match and the candle. 
The colour of the flame depends mainly on its temperature through the black-
body radiation but also on the species involved in the combustion reaction. The 
colour depends also on the level of oxygen supplied to the flame. A lower level 
of oxygen results in a less complete combustion, with production of fine soot 
particles that will change the radiation emission of the trail with their 
incandescence, giving the characteristic yellow aspect to the flame.  
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Figure 1.1: The same candle flame looks totally different in a normal (on the 
left) and micro-gravity (on the right) environment. 
Figure 1.1 shows how the modification of a single parameter of the ones 
already described can totally change the aspect of a flame. In a micro-gravity 
environment, like on the international space station, the candle flame looks 
completely different because of the absence of a natural convective flow.  
Flames can be divided in two categories: 
 Diffusion flames: when the temperature of the condensed fuel is below its 
flash point (ignition temperature) it gets gasified by the heat coming from 
the flame itself. In this case the vaporised fuel region (inside of the flame) 
and the oxidizer region (outside) are separated by the flame region, where 
the two species mix together by diffusion and the chemical reaction can 
occur. 
 Pre-mixed flames: when the temperature of the condensed combustible is 
above the flash point (or when gaseous fuel and oxidizer are previously 
mixed) a layer of a flammable mixture is established between the flame 
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front and the fuel surface (or the premixed gas injector), through which  
the premixed flame propagates. 
The aspect and colour of the two flames are very different. The latter is usually 
blue with a very regular and narrow front, while the first is generally yellow and 
presents a less regular shape with soot production. Figure 1.2 shows from left to 
right increasing level of oxygen supply with the transition from a diffusion to a 
premixed flame.   
 
Figure 1.2: Transition from a purely diffusive flame (1) to a purely pre-mixed 
flame (4) on a Bunsen burner by means of an increasing oxygen supply. 
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1.3 The flame spread problem 
Argument of the present work is the flame spread over solid fuels surfaces. With 
spread rate is meant the rate of flame movement along the surface, to be 
distinguished by the term propagation, which is used more likely to refer to 
wavy flame movement away from the surface. The different studies on the 
argument could be classified whether geometrically (shape of fuel), chemically 
(nature of fuel) and dynamically (characteristics of the flow) [8].  
This work is focused in particular on the case of different thin solid fuels 
immersed into an air opposing-flow with variable relative gravity angle, where 
“opposing” is referred to the flow direction, opposed to the one in which the 
flame is spreading. This configuration has been deeply investigated during the 
last decades, because of its importance in fire-safety, solid propellant rockets 
functioning and in order to acquire a better understanding of the combustion 
process [1 - 4, 8, 29].  
In order to better understand the evolution of the flame spread it is useful to 
recall the definition of the Damkhöler number: 
 𝐷𝑎 =
𝑡𝑟
𝑡𝑐
 (1.1) 
Where tr is the flow residence time and tc is the chemical reaction time. Thus, as 
long as the value of this ratio is large, the reaction can be assumed to be infinitely 
fast and always in instantaneous equilibrium. Vice versa, for a small value, the 
previous assumption it is not valid anymore and a finite-rate chemical reaction 
must be considered. Assuming the chemical reaction time as constant for the 
given fuel, the Damkhöler number is only dependent on the oxidizer mass flow 
rate.  
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The value assumed by the Damkhöler number influences the flame spread rate 
over thin solid fuel immersed into an opposing-flow field [2, 24]. Increasing the 
oxidizer mass flow velocity until low-moderate values the spread rate remains 
about constant and the flame appears to burn in quasi-steady conditions. This is 
the so called thermal regime of the spread. Increasing further the opposing-flow 
velocity the reaction enters in the finite-rate state and the flame spread starts to 
drop down until the extinction conditions are reached and the spread of the flame 
becomes no more possible. This regime is known as the kinetic regime, because 
in this case the kinetic of the reaction cannot be neglected anymore.  
 
Figure 1.3: Thermally thin regimes of the spread. Values of opposed flow 
velocity are not indicated since dependent on fuel nature and thickness. 
Figure 1.3 shows a qualitative evolution of the spread rate as a function of the 
opposed-flow velocity for thermally thin fuels with the characteristic three 
regimes (the definition of thermally thin and thermally thick fuel is given in the 
next paragraph). For very low mass flow rates the spread increases to the 
constant value of the thermal regime. This is the so called radiative regime and it 
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is experienced by the flame mostly in micro-gravity environments (simulated or 
not) where there is no buoyancy, which is usually strong enough to ensure a 
spread rate in the thermal regime. The spread rate, when in this regime, is 
strongly affected by radiation, which represents the main heat transfer 
mechanism.   
1.3.1 State of the art 
The problem of flow velocity effect on flame spread over a solid fuel has been 
object of countless experimental and theoretical studies. Although many different 
models exist, with different levels of accuracy, researchers have not been able so 
far to create one that would apply to all different cases. 
The “father” of the flame spread field of study can be considered De Ris, who 
was the first to create a coherent physical model of the phenomena [10, 11]. In 
his work he considered an infinite-rate chemical kinetic, neglected gravity effects 
(buoyancy) and postulated a vaporizing solid, avoiding the complexity of the 
melting and pyrolysis processes.  
He also analysed the flame structure near its leading edge, introducing the 
“triple flame” concept. The triple flame is divided into a primary diffusion flame 
front where the reaction occurs and in two secondary flame fronts, one behind 
the primary and rich in fuel, the other ahead of it and lean in fuel, where 
combustible and oxidizer pre-mix together.  
He did not use this concept in his model though. Assuming the gas-phase 
ignition temperature lower than the solid phase vaporization temperature, he 
postulated a spreading diffusion flame attached to the combustible surface, with 
no fuel present ahead of the flame front and no oxidizer behind it. 
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He employed the Oseen-flow assumption (u = U, v = 0 and p = p∞) to obtain 
the solutions of equation 1.1 for both thin (a) and infinitely thick fuels (b):  
 𝑉𝑓 = 𝑈∞[(𝑟𝑔 𝑟𝑠⁄ )𝛾]
2
 (1.1(a)) 
 𝑉𝑓 = √2𝑉∗𝛺𝑠𝑔[(𝑟𝑔 𝑟𝑠⁄ )𝛾] (1.1(b)) 
Where rg = [ρgcpgλg]
1/2
 and rs = [ρscsλs]
1/2
 are the thermal responsivities of the 
gas and solid, γ = (Tf - Tv)/(Tv - T∞) is the ratio of the thermal enthalpy from the 
fuel to ambient, V* = αg/τ is the ratio of the solid fuel thermal diffusivity and the 
solid fuel thickness and Ωsg = λs/λg is the solid to-gas thermal conductivity ratio. 
His flame spread model is illustrated in figure 1.3. 
 
Figure 1.4: De Ris flame spread problem formulation. 
This was the first time that a theoretical distinction between thin and thick fuel 
was made. Nowadays we speak about thermally thin fuel when the solid phase 
thermal diffusion layer characteristics length is large compared to the fuel 
thickness. Hence there is no temperature gradient inside the solid in the direction 
perpendicular to the surface and the flames on the two sides of the sample can be 
considered as a single one. On the other hand, when the two dimensions are 
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comparable, the sample is considered thermally thick and there might be 
differences between the spread of the flame on the two sides [5]. Of course the 
diffusion length is not an intrinsic characteristic of the solid but depends on many 
factors, such as mass flow velocity and the physics of the fuel vaporization 
process. It needs to be said though, that there is not a real limit between them, it 
is just a convenient artificial distinction. 
Contemporary to De Ris work also McAlvey and Magee investigated on the 
flame spread problem, although they did it from a more experimental point of 
view [21, 22]. They were the first to use a wind tunnel to systematically 
investigate over the aerodynamic effect on the spread rate, finding that an 
increasing mass flow rate corresponds to a decreasing spread rate. Although their 
work put the basis of all future experimentations, they did not investigate on 
thickness effect and their results were not in agree with De Ris theory. This was 
because of the particular sample thickness they used (3 mm). A sample of such 
thickness can be either thermally thin or thermally thick, depending on 
experimental conditions, but it will most likely be in the range of transition 
among the two regimes.  
Nearly all the researches carried out in the field of flame spread over solid 
surfaces have used cellulosic paper or polymethylmethacrylate (PMMA) as solid 
fuels. The first of course presents a great availability on the market but also burns 
without char and releasing other residuals. The second has good burning 
properties as well and it was initially studied because used as binder in solid 
propellant rockets. 
The principal lack in De Ris formulation was the intrinsic incapability to 
describe near limit conditions. In order to obviate to this, successive theories, 
such the one developed by Fernandez-Pello and Williams, reintroduced a finite-
rate chemical kinetic. On the basis of their experiments they asserted that the heat 
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transfer from the flame to the virgin fuel occurs principally through the solid 
phase [2, 8]. Another work performed in this direction was the Frey and T’ien 
numerical solution of the problem [2]. They kept the Oseen flow assumption and 
constant gas properties but discarded the infinite-rate kinetic and the constant 
vaporization temperature. They were probably the first to correlate the spread 
rate to the Damkhöler number.  
This correlation was improved by Altenkirch and Fernandez-Pello in their 
works [1, 20]. They defined a non-dimensional spread rate dividing the measured 
one by the theoretical value obtained with the De Ris formula and the Damkhöler 
number. They plotted all the different authors results together using the 
normalization discussed and all the curves overlapped together. They realized 
that a pure heat-transfer theory is valid only for infinite-rate chemical kinetics 
and the difference between finite and infinite-rate regimes can be correlated to 
the Damkhöler number itself. 
Whichman, Williams and Hirano successively demonstrated in their works that 
heat transfer mainly occurs through the gas-phase denying Fernandez-Pello’s  
hypothesis, even for flow with low oxidizer concentration level such as air. 
Parker was the first to discard the Oseen flow assumption in his experimental 
work, considering the presence of a boundary layer with its velocity gradient on 
the solid surface. Later many researchers tried to do the same and develop a 
velocity gradient model. Unfortunately a model of this kind was not able to 
determine the spread rate by itself [8].  
The extinction phenomena has been investigated by many authors [14 - 16, 18, 
28]. The flame near extinction is clearly in the kinetic regime and the infinitely 
fast chemical kinetic assumption is not valid. Bhattacharjee et al. tried to find a 
correlation between the boundary layer development length and the free-stream 
flow velocity to uniquely determine the critical conditions of extinction and then 
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be able to predict it [13, 24, 25]. For the extreme complexity of the phenomena 
researchers always tried to focus only on single aspects in their studies and, 
although some valid theories describing the entire flame spread until extinction 
have been proposed, they are limited to the particular configurations used [8, 28]. 
1.3.2 Aims of the present study 
Considering what have been previously said, it is evident that flame spread over 
solid fuels still represents an open field of research. Despite the countless efforts, 
an universal model of the phenomena has not been yet proposed.  
In the present work some of the previous discussed theories and models were 
considered with the aim of investigating on the aerodynamic boundary layer 
effect on flame spread and extinction phenomena.  
The study is focused in particular on the interaction between forced-flow and 
buoyancy-generated flow. An order of magnitude for the buoyant flow inside the 
Flame Tunnel apparatus was experimentally evaluated through observation of its 
effects on spread rate and extinction distance.  
1.4 Funding 
The present work was developed at San Diego State University, under the 
Residence Time Driven Flame Spread investigation program, and supported by a 
NASA grant, as part of project SoFIE (Solid Fuel Ignition and Extinction). 
Project SoFIE is briefly discussed in appendix A. 
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Chapter 2 
Experimental procedure 
 
2.1 Flame Tunnel main features 
The Flame Tunnel experiment was built at San Diego State University in order to 
generate an opposing-flow velocity field. To be able to compare previous 
literature results the design chosen was inspired by Hirano’s vertical wind tunnel 
[29]. Later, with the purpose to investigate also on gravity effects, the vertical 
tunnel was mounted on a frame that permitted to change the angle of gravity with 
respect to the spread direction. 
The Flame Tunnel consists in a squared duct (20 x 20  cm) which converge 
through bended surfaces to a smaller section in the top part (10 x 10 cm), where 
the sample burns. The total height of the duct is about 65 cm. 
The sample needs to be fixed to the apposite holder and then placed  in 
position inside the tunnel. The ignition can be triggered by a Matlab user 
interface or with a manual switch. It is relatively easy to replace the burnt sample 
and this allows to carry a large number of experiments in a small amount of time, 
reducing uncertainties of the results. 
The upper section is cut on one side to permit the video-recording of the 
experiment through a Plexiglas window. The camera was mounted on a 
dedicated bracket, which is connected to the experiment frame and rotates 
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together with the Tunnel. Figure 2.1 shows the Flame Tunnel experiment on its 
rotating frame. 
The apparatus can easily generate air flow velocity in the range from 0 to 100 
cm/s by mean of four computer fans placed under the lower section of the duct. 
The fans are controlled by an Arduino microprocessor through the user input on a 
Matlab code interface we developed. 
Two Resistance Temperature Detector (RTD) were placed at the leading edge 
of the sample, in order to achieve the required accuracy in the velocity 
measurement. The output voltage of the sensors depends on their resistance, 
which is proportional to their temperature. The sensors output voltage is 
amplified, converted to a velocity value and showed on the user interface.  
A schematic representation of the Flame Tunnel is shown in figure 2.2. 
 
Figure 2.1: The Flame Tunnel experiment. 
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Figure 2.2: Flame Tunnel schematic. 
2.2 Flame Tunnel design 
Considering the low Mach number and neglecting the initial transients the air 
flow inside the tunnel can be treated as a one-dimensional steady-state 
incompressible perfect-gas flow. Therefore it was relatively easy to compute the 
velocity ratio between the two sections of the duct. Considering the same mass 
flow rate at the tunnel inlet and outlet, the continuity equation is:  
 ṁ = 𝜌 𝑉 𝐴 = 𝑐𝑜𝑠𝑡 (2.1) 
Hence, differentiating:  
 
𝑑𝜌
𝜌
+
𝑑𝑉
𝑉
+
𝑑𝐴
𝐴
= 0 (2.2) 
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Density is constant for the incompressibility assumption, therefore the first term 
of the previous equation is equal to zero. Integrating equation (2.2) between top 
and bottom cross-sections we obtain:  
 ∫
𝑑𝐴
𝐴
𝑡
𝑏
= −∫
𝑑𝑉
𝑉
𝑡
𝑏
    
                  
→         ln
𝐴𝑡
𝐴𝑏
= ln
𝑉𝑏
𝑉𝑡
  (2.2) 
 Which finally yields to a velocity ratio of:  
 
𝑉𝑡
𝑉𝑏
= 4 (2.3) 
Thus in order to obtain a 100 cm/s in the top section, the fans were needed to 
develop a flow velocity of at least 25 cm/s. The fans chosen were Antec Tricool 
92 mm, where the last number expresses their diameter.  
In order to reduce flow disturbances caused by fans and remove the swirls, a 
flow conditioner, called laminarizer and consisting in a 12 mm thick metal 
honeycomb, was placed 12 cm above the fans plate. The honeycomb is supported 
by four T-shaped holders placed in the edge of the bottom plate. Figure 2.3 
shows the laminarizer assembly and the bottom plate of the Flame Tunnel with 
the fans mounted on.  
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Figure 2.3: On the left: the laminarizer assembly. On the right: the bottom plate 
with the fans. 
To obtain reliable flow velocity measurements, two RTD sensors 
(configuration 4, 100 Ω , platinum) were placed right below the leading edge of 
the sample holder, where the duct reaches its minimum section area (see figure 
2.4). A Wheatstone bridge was established between the two sensors. One of them 
is actively heated and changes its voltage output according to the air flow 
velocity and its capacity of cooling down the sensor, while the other one is 
passive. The voltage difference given by the bridge is then elaborated by the 
control software (see the next paragraph), which gives the velocity as output. The 
Wheatstone bridge was necessary to measure the flow velocity without the 
influence of small temperature changes that may occur in the room. 
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Figure 2.4: The RTD sensors at the leading edge of the sample holder. 
In order to better define the flow inside the Flame Tunnel, two-dimensional 
flow simulations were performed with ANSYS Fluent, importing a SolidWorks 
model of the duct, with sample holder included [12]. The reference system was 
taken with the positive y-direction aligned with the direction of the flow, while 
the x-direction was set to be perpendicular to the sample surface. Initially a 
second-order accurate model for pressure and momentum fields was used, with 
upwind discretization scheme and using the SIMPLE algorithm for the velocity-
pressure coupling. Also simulation with third-order momentum and second-order 
pressure were carried out, still with the upwind discretization scheme and the 
SIMPLE algorithm. One of these simulations for the entire tunnel is shown in 
figure 2.5, where the bottom velocity considered is 40 cm/s. It can be noticed that 
the velocity at the sample leading edge is about 160 cm/s, according with the 
velocity ratio previously found. 
The velocity profile near the sample leading edge was further investigated 
with an upwind discretization scheme and the MUSCL algorithm. The results, 
again for a bottom velocity of 40 cm/s, are shown in figure 2.6. 
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Figure 2.5: ANSYS Fluent y-velocity profile on the z-plane of symmetry, 2
nd
 
order pressure, 3
rd 
order momentum, upwind, SIMPLE (velocity in m/s). 
 
Figure 2.6: Further investigation near the sample leading edge, 2
nd
 order 
pressure, 3
rd 
order momentum, upwind, MUSCLE. 
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Figure 2.7 shows three normalized velocity profiles, found at three different 
distances from the leading edge of the sample in the positive y-direction (5, 10 
and 20 mm). The velocity is normalized respect to the bottom one (u∞), showing 
again the expected aspect ratio, while the x-axis represents the perpendicular 
distance from the sample, normalized with the tunnel dimension (D). 
 
Figure 2.7: Normalized velocity profile at three different distance upwind of the 
leading edge, for two different (bottom) flow velocities. 
The ignition system consists in a movable wire set up placed at the Flame 
Tunnel top and connected to a 12 V power supply. As already said, ignition could 
either be triggered manually or using the software user interface. 
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A critical part of the apparatus was the sample holder, that had to be designed 
taking into account different factors: 
 Minimization of flow disturbances. 
 Minimization of heat transfer from the flame to the holder itself. 
 Easy changing of the samples after each experiment. 
 Possibility of varying width and thickness of the sample. 
To accomplish the first two goals it was chosen a flat aluminium sample holder. 
In order to obtain an easy changing of the sample and a variable geometry, it was 
chosen to divide the holder in two parts. The first, with fixed geometry, was 
directly connected to the Flame Tunnel structure with four rings. The second was 
provided of a central gap for sample burning and was interchangeable, to allow 
the use of different sample width and an easy sample changing. The two pieces 
can be connected (and disconnected) using magnets pasted on each part. The 
same method was used to attach the sample to the holder by means of two slim 
stripes of aluminium.  
In the present study it was investigated also the lateral appearance of the flame 
during the spread. In order to do that some holes were practiced on the side of the 
Flame Tunnel. A borescope camera was used to shoot videos through the holes. 
The side view arrangement is shown in figure 2.8, while figure 2.9 shows the 2 
part of the sample holder. The removable part (on the right) in figure 2.9, with a 
10 mm bending on one side, was specially designed for the side view, in order to 
align the flame with the camera holes and obtain a “real” side view and not a 
three-dimensional one. The usual removable part is identical except for the fact 
that it is totally flat. 
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Figure 2.8: Side view arrangement with the borescope camera placed in front of 
the hole by means of magnets and a metal plate. 
 
Figure 2.9: On the left: The fixed part of the sample holder with two of the four 
rings. On the right: the removable part of the holder. The holder shown is the one 
used for the side views, for 20 mm width samples and bent on one side. 
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The external frame was designed with the aim of investigate on the effect of 
the relative angle between spread direction and gravity, in particular on the effect 
of buoyancy differences in the various configuration. The rotational mechanism 
was designed to permit 30° angle changes in the direction of the tunnel 
longitudinal axe, from a vertical downward configuration to a vertical upward 
one. The “angle 0” (A0)  reference was chosen to correspond to the horizontal 
arrangement, with positive angles going towards the vertical downward 
configuration and negative angles going in the opposite sense. The mechanism is 
shown in figure 2.10.  
 
Figure 2.10: The rotational mechanism of the Flame Tunnel with 30° steps 
between vertical downward and vertical upward configurations. 
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2.3 Velocity control 
The velocity control of the Flame Tunnel experiment is implemented by the 
communication between a running Matlab software and an Arduino Micro-
controller Unit (MCU). The RTDs values collected by MCU are sent to the 
running code that processes them and displays the results. Then the user can 
interact with them (regulating the fans speed) through the Graphic User Interface 
(GUI) [12]. This communication scheme is shown in figure 2.11 while the 
Matlab GUI is shown in figure 2.12. 
The fan speed control is realized by means of a method called Pulse Width 
Modulation (PWM). Each fan has one PWM pin assigned and with this method 
the pin is turned on and off very quickly with a defined duty cycle. Every pin 
(fan ) can be set to a value from 0 (pin always off) to 255 (pin always on) and all 
the settings between this two values have an intermediate duty cycle. The pin can 
be either 5 V when on or 0 V when off and the time spent on each state depends 
on the duty cycle and hence the setting. The Arduino microcontroller cannot 
produce enough power for the entire fan system and therefore each pin is 
connected to a transistor that controls the power from a 12 V power supply. 
Fan speed can be chosen individually to allow the creation of different flow 
fields or the compensation of irregularities in the rotation of each fan. 
The RTDs give a voltage difference between the sensors that is amplified and 
collected by the MCU. The voltage signal, converted to a number from 0 to 1023 
(10 bit resolution) by the MCU, is sent to the Matlab code and displayed on the 
GUI in the “Raw Output” box (see figure 2.12). Then the code takes this value to 
compute the flow velocity (in cm/s) and display it in the ”Calibrated Output” 
box, by means of an empirical equation derived from sensors calibration. Sensors 
calibration is treated in the next section.  
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Figure 2.11: Velocity control system. The loop is repeated ten time per second. 
 
Figure 2.12: Graphical User Interface of the Matlab code used to control the 
Flame Tunnel. 
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2.4 Sensors calibration 
The flow velocity control is based on the RTDs voltage difference and thus the 
relation among the two was needed to be determined in the more accurate way 
possible, in order to ensure the reliability of the results found for flame-spread 
rate and extinction distance. RTD sensors calibration was therefore one of the 
critical phase of the study. 
Calibration had already been carried out previously but only for what concern 
the vertical configuration [12, 13]. A re-calibration was needed after 
disconnecting the sensors, moving the Flame Tunnel and then mounting it back 
on the new frame with longer wires and new sensor connections. Furthermore, it 
was not unquestionable that the relation between RTD output and flow velocity 
found for the downward configuration would have been the same in the others, 
because of possible convective effects in the duct. It was therefore necessary to 
investigate also in this direction. 
Flow range  0 to 1 m/s 
Operating output voltage (VDC)  1 to 5 VDC 
Accuracy  ±5% F.S. max. of detected 
characteristic at 25° 
Repeatability  ±0.4% F.S. 
Compact size 39(L) _ 20(W) _ 9(H) mm 
Weight 6.3 g 
Table 2.1: Omron D6F-W01A1 operating characteristics. 
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For the RTDs calibration it was used an anemometer, in particular the Omron 
D6F-W01A1 MEMS Flow Rate Sensor. The output of the device was a voltage 
between 1 V and 5 V for a velocity range from 0 to 100 cm/s. Table 2.1 shows the 
other principal operational characteristics of the instrument.  
The anemometer voltage output was not linear with the velocity and its 
accuracy was not very high, especially for high flow velocities. Therefore, it was 
decided to find a more reliable calibration curve (with respect to the factory one) 
using the Flame Tower experiment [12, 13]. The calibration curve, showing the 
output voltage as function of flow velocity is the one of figure 2.13. 
 
Figure 2.13: Omron D6F-W01A1 MEMS anemometer calibration curve. 
The calibrated anemometer was then placed inside the Flame Tunnel, at the 
leading edge of the sample holder. For a better comparison the fans speed was 
adjusted in order to stabilize around voltage values as close as possible to those 
of the curve of figure 2.13. The result was the one shown in figure 2.14, with the 
RTD values as function of the anemometer output voltages.  
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Figure 2.14: Flame Tunnel calibration curve obtained with the anemometer. 
 
Figure 2.15: Vertical calibration set up. On the left is visible the FlameTracker 
cart used in the Flame Tower experiment. Anemometer voltage output is shown 
on the cart display visible in the picture. The anemometer microcontroller is  
commanded through a software called µFlameTracker, installed in a laptop 
connected to the cart by USB cable. 
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 The latter curve of figure 2.14 was obtained with the tunnel in the vertical 
configuration (the calibration set up is shown in figure 2.15) because in the 
horizontal one it was not possible to obtain reliable results for low flow 
velocities. Before to explain the reason for this, we need to give a brief 
explanation of the calibration procedure followed. 
Figure 2.16 shows the behaviour of the RTD sensors output as function of 
time in the initial transient (when the tunnel is switched on) for two different 
flow velocities in the vertical configuration. Each plot shows the transients 
occurred in three different switching and the particular velocities studied are 15 
cm/s and 70 cm/s. Although for the higher velocity the stabilization occurred 
earlier, 180 s was chosen as the awaiting time before starting to calculate the 
average of the RTD values, which was chosen to be determined over the next 120 
s. A total time of 5 min was therefore needed for each data point of the 
calibration curve.  
Figure 2.17 shows the same plots for the same velocities but this time for the 
horizontal configuration. For 70 cm/s the result was analogous to the one of the 
vertical configuration, while for 15 cm/s it was not possible to find a univocal 
behaviour and a suitable awaiting time. A possible explanation for this could be 
related to the difference in convection experienced by the two RTDs in the 
horizontal configuration. Indeed in that configuration the two sensors are 
vertically aligned and for low forced-flow velocities there might be differences in 
the flow actually detected by each of them, due to time-varying secondary 
currents generated inside the duct. For higher forced-flow velocities these 
differences become negligible and do not affect the output anymore. 
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(a) 
 
(b) 
Figure 2.16: Initial transient of RTD sensors output in the vertical configuration, 
respectively for 15 cm/s (a) and 70 cm/s (b). 
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(a) 
 
(b) 
Figure 2.17: Initial transient of RTD sensors output in the horizontal 
configuration. For low flow velocity, in particular 15 cm/s (a), there is no 
asymptotic stabilization to a constant value after a constant time interval. 
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For this reason it was chosen to calibrate the Flame Tunnel in the downward 
configuration as did before. Figure 2.18 shows the RTDs calibration curve, 
obtained by combination of the previous two (figures 2.13 and 2.14). On the plot 
are also represented three data points obtained in the horizontal configuration and 
it is evident that they overlap very well with the vertical calibration curve. 
Therefore the curve found was considered valid for both configurations and for 
all the intermediate angles in between.  
A fifth-order polynomial was extrapolated from the curve and substituted in 
the Matlab code for RTD to velocity conversion. Spread rate comparisons 
between previous and current experiments in the vertical configuration were 
carried out for different velocities (30 and 60 cm/s) with cellulose 180 µm. The 
results are perfectly in agree and are shown in table 2.2.  
 
Figure 2.18: Flame Tunnel calibration curve obtained in the vertical 
configuration. Also three points obtained in the horizontal configuration are 
shown. 
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 Vg = 30 cm/s Vg = 60 cm/s 
1
st
 calibration Vf   (mm/s) 1.73 1.31 
2
nd
 calibration Vf  (mm/s) 1.72 1.32 
Table 2.2: Spread rate comparison between previous and latter calibration. 
2.5 Data processing 
Video-recording of every experiment was performed to permit data post-
processing through image analysis software. This procedure would also allow to 
perform future analysis of the same data in order to investigate on aspects 
previously overlooked. Each sample that experienced extinction was also 
photographed.  
The camera used for the recordings was a Canon Powershot S110, chosen 
because of the small size which allowed it to be easily mounted on the apposite 
bracket, but mostly because it was provided of manual focus. Indeed to properly 
record a rapidly moving as well as size and brightness changing object like a 
flame it is not possible to use an auto-focusing camera. During the shooting there 
would be a continuous focal distance changing that would result in a bad quality 
video. 
Every video file was converted to a suitable format and then uploaded to a 
server. In order to extrapolate the information needed, such as image arrays of 
the flame, leading edge position tracking and the spread rates as function of time 
or boundary layer development distance, the files were imported into a Matlab 
code we developed, called Flame Analyzer.  
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The code had been validated by comparison of a large amount of results 
already found with Spotlight, which is the software used by NASA in the last 
decades for flame tracking and spread rate measurements.  
In order to obtain the flame leading edge position in mm as function of time, it 
was necessary to determine the scale of the videos in pixel/mm. This was 
accomplished placing a ruler near the sample and covering the entire camera field 
of view, whose length was known. 
In the next paragraph the principal Flame Analyzer features are described and 
compared to those of Spotlight.  
2.6 The Flame Analyzer software 
Spotlight has been the software developed and used by NASA in the last twenty 
years for flame tracking. The software performs analysis on single images, 
sequence of images, or video files. Image processing operations can be employed 
to enhance the image before various statistics and measurement operations are 
performed. An arbitrarily large number of objects can be analyzed 
simultaneously with independent areas of interest. The results are saved in a text 
file that can be imported into other programs for graphing or further analysis. 
For what concern flame tracking and to obtain the spread rate, it is necessary 
to analyse a flame spread video frame-by-frame, manually indicating for each 
frame the position of the leading edge by means of a mouse click. Although this 
method gives a certain flexibility that the Flame Analyzer does not give, it is 
evident that it introduces a consistent human error factor and needs a large 
amount of time to accomplish the analysis. 
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Figure 2.19: The Flame Analyzer GUI.  
The Flame Analyzer software we developed in Matlab permits instead to 
directly obtain many information from the experiment videos, already giving 
plots as output without the necessity to import the results in Excel. Figure 2.19 
shows the Flame Analyzer GUI. The user needs only to set the different 
parameters such as threshold, image scale in pixel/mm, starting and ending time, 
number of pixel over which averaging and so on. Then choosing the information 
wanted (spread rate, image array, leading edge tracking, etc.) and clicking on the 
run button, the code starts to analyse the file, still frame-by-frame, but this time 
without the intervention of the user.  
In figure 2.20 is shown the procedure implemented by the code on each frame 
to found the leading edge position. The actual flame image is analysed and the 
RGB values are converted by the software to brightness intensity values. 
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(a) 
 
(b) 
 
(c) 
Figure 2.20: Flame Analyzer video-analyses procedure. The actual frame image 
(a) is converted to the two dimensional flame of (b) by means of colour 
conversion into a brightness scale (c). 
The plot of figure 2.20(c) is found by averaging the intensity values over a 
certain number of pixel in the z and x-directions. Figure 2.20(b) shows the two-
dimensional approximation of the flame image obtained by this averaging 
method. The flame leading edge position is found by setting a suitable intensity 
threshold value for which the program searches from right to left. The vertical 
white dotted line of figure 2.20(b) represents the flame leading edge position in 
the frame shown, that was found setting the threshold to 70. 
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Figure 2.21: Leading edge position vs. time plot, obtained with Flame Analyzer. 
 
Figure 2.22: Spread rate vs. time plot, obtained with the Flame Analyzer. 
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This procedure is repeated by the code for each frame and the overall result 
gives the leading edge time tracking of figure 2.21. The slope of the leading edge 
tracking curve gives the spread rate, that can be referred to either time or distance 
from the sample leading edge. Figure 2.22 shows a spread rate versus time plot. 
Sometimes the procedure became problematic because of reflections in the 
video or local blow offs that make difficult to properly track the flame. Anyway, 
manipulation of the numerous setting parameters usually allowed to obtain 
reliable and consisting results. In figure 2.23 is shown an example of results 
repeatability. The picture shows three different runs of the same experiment 
carried out with filter paper in the vertical configuration in a quiescent 
environment (forced-flow velocity set to 0 cm/s). 
 
Figure 2.23: Flame Analyzer results repeatability. Vg = 0 cm/s, vertical 
configuration. 
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Chapter 3 
Extinction 
 
3.1 Experiment generalities 
Although spread rate and extinction problems were contemporary studied during 
the present research, the results for the latter present less contradictions and are 
shown first. Another reason is that it is easier to introduce and describe from an 
extinction point of view some unpredicted  phenomena we stumbled into. 
Discarding the Oseen flow assumption and taking into account the 
development of a boundary layer over the sample surface there is a difference 
amid free stream flow velocity and the velocity actually experienced by the 
flame. This velocity, called effective from previous work, is the one that 
ultimately governs flame spread rate and  extinction (once critical conditions are 
reached) [24, 25]. 
Boundary layer development distance between flame front and sample tip, as 
well as buoyancy, affect together this actual velocity. Our investigation was 
focused on the interaction between these two factors and its effects on spread rate 
and extinction phenomena. 
The experiments were carried out using the Flame Tunnel apparatus in both its 
vertical (A90) and horizontal (A0) configurations and the fuels used were PMMA 
and cellulose.  
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The nomenclature used in this work to distinguish in each experiment the 
values of the different parameters is the one showed in table 3.1. 
 
Flame 
Tunnel 
Experiment 
Fuel 
Width 
(mm) 
Thickness 
(µm) 
Flow 
Velocity 
(cm/s) 
Angle with 
Horizontal 
(°) 
Experiment 
Run 
FTN 
P [PMMA] 
W T Vg A R 
C [Cellulose] 
Table 3.1: Experiments nomenclature (e.g. FTNC-W20-T180-Vg75-A90-R3). 
All the fuel samples were about 23 cm long and 2 cm wide. As it will be 
shown later the width effect is practically negligible, therefore a value of width 
was chosen and kept constant throughout all the experiments.  
Each experiment was videotaped, with the record starting when the flame 
reached a point situated at a distance of 20 cm from the leading edge of the 
sample, in order to exclude the ignition transient behaviour from the videos and 
obtain uniform flame-spread rate results with the Flame Analyzer.  
 
Figure 3.1: Definition of extinction distance xd and video starting point. Vg 
represents the opposed flow direction. 
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Experiments were carried out in both configurations, changing the opposing-
flow velocity from 0 cm/s (or slightly higher in the A0 configuration, to 
guarantee the safety of the Flame Tunnel) to 100 cm/s. The step used was of 10 
cm/s until the first velocity at which extinction occurred, then 5 cm/s. 
No less than ten samples were burnt for each flow velocity, to ensure the 
reliability of the results. A picture of every unburnt sample was taken to get the 
extinction length and to make comparisons. 
The average extinction length xd,e is defined as the average distance between 
the sample leading edge and the contour of the extinguished flame, as shown in 
figure 3.1. We used ImageJ software to get the area (A) of the unburnt sample 
from its corresponding picture and then we divided that by the sample width (W), 
easily obtaining the mean distance wanted. 
 𝑥𝑑,𝑒 =
𝐴
𝑊
 (3.1) 
The spread of the flame was affected by many local blow-off, in particular for 
PMMA and high opposing-flow velocities. In any case, the results showed the 
extinction distances to be very similar for samples that experienced the same 
opposing-flow velocity, as shown in figure 3.2. Figure 3.3 shows instead how xd,e 
changes proportionally to flow velocity. 
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(a) 
 
(b) 
Figure 3.2: Extinction distance consistence for Vg = 65 cm/s in the vertical 
configuration (a) and for Vg = 80 cm/s in the horizontal configuration (b). 
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(a) 
 
(b) 
Figure 3.3: Extinction lenght is proportional to opposing-flow velocity in both 
vertical (a) and horizontal configuration (b).  
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3.2 Cellulose extinction results 
The first set of comparison experiments was carried out using cellulose paper, 
specifically Whatman
®
 Grade 1 T180 (see table 3.2 for properties). The results 
obtained in the two different configurations were compared to determine how, 
variations in the angle of the flame-spread with respect to gravity, and hence in 
buoyancy, could affect the extinction distance and of course the spread itself. 
  
 Thickness (µm) Density Width (mm) Length (mm) 
Whatman® Grade 1 
180 88 g/m
2 
20 200 
Whatman® Grade 3 
390 187 g/m
2 
20 200 
PMMA VCF 50 ; 75  119 g/cm
3 
20 200 
PMMA Astra 200 119 g/cm
3
 20 200 
Table 3.2: A sum of fuels geometrical and physical properties. 
The Flame Tunnel sensors are able to reveal the flow velocity only at the 
leading edge of the sample and buoyancy is a phenomenon that occurs only in 
the proximity of the flame, hence it was not possible to measure any exact value 
of the buoyant flow velocity. 
According to other authors [4, 5] the buoyancy in the vertical configuration 
was assumed to be constant and in the order of 30 cm/s. Although this 
assumption can seem to be risky,  this value was not used for any calculation but 
only to have an order of magnitude with which compare the results of the flame-
spread rates. Results that, at least for the cellulose, confirm the validity of the 
assumption, as it will be shown later. 
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Figure 3.4 shows the image array created with the Flame Analyzer for one of 
the vertical downward experiments. In the picture xd indicates the boundary layer 
development distance from the leading edge of the sample, while Vf is the flame-
spread rate at the given position. The local blow-off of the flame are particularly 
evident in this case, considering the high opposing-flow velocity of 95 cm/s.  
 
Figure 3.4: Local blow-off during the spread for a downward experiment 
executed at Vg = 95 cm/s. Here xd indicates the boundary layer development 
distance from the leading edge of the sample, while Vf is the flame-spread rate at 
the given position. 
An interesting difference between horizontal and vertical cases is represented 
by the flame extinction modality, as it can be seen in figure 3.3, 3.5 and 3.6. In 
the downward experiments the flame randomly extinguishes on the left or right 
side of the sheet (up or down in figure 3.5), leaving a relatively regular contour 
on the unburnt sample. Instead, in the horizontal experiments, the flame tends to 
ultimately extinguish on the upper side of the sample (see figure 3.6) and the 
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resulting contour has a diagonal shape. This behaviour can be explained by the 
increased heat transfer in the upward direction near the flame front, caused by 
convection. 
 
Figure 3.5: Extinction sequence for a downward experiment with Vg = 95 cm/s. 
There is not preference side of extinction and the unburnt sample contour results 
in a relatively regular shape.  
 
Figure 3.6: Extinction sequence for a horizontal experiment at Vg = 80 cm/s. 
Here the flame tends to ultimately extinguish on the upper side of the sample 
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The comparison between the extinction distances in the two cases is shown in 
figure 3.7. The opposing flow velocity at which first extinction occurs is 40 cm/s 
in both configurations and the xd values are comparable until 70 cm/s, when they 
start to diverge and become higher for the vertical case.  
Although buoyancy always influences the boundary layer, as shown by the 
flame-spread rate results in the next chapter, it seems to acquire importance in 
flame extinction only at high opposing-flow velocity. A possible explanation for 
this could be found in the boundary layer size and shape, that, for high free-
stream flow velocity, starts to directly interact with the buoyant flow (always 
located at the flame front), increasing the turbulence level and hence prematurely 
leading the flame to the critical conditions of extinction.  
The vertical set of data also shows a greater statistical variability with respect 
to the horizontal one, starting from a velocity of 80 cm/s. The same behaviour 
was found for PMMA, suggesting that also the higher  vertical results variability 
is related to the buoyancy effect. 
 
Figure 3.7: Extinction lengths xd,e in function of the opposing-flow velocity Vg 
for cellulose 180 µm. The plot shows the results for both vertical (A90) and 
horizontal (A0) configurations.  
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3.3 PMMA extinction results 
The same set of comparison experiments was carried out using PMMA sheets of 
two different thicknesses, in particular 75 µm and 50 µm.  
The first PMMA fuel burned was the 75 µm one and the interesting and 
unexpected results obtained convinced us to further investigate on the same solid 
fuel. 
The vertical and horizontal configurations showed a different first extinction 
opposing-flow velocity, 70 cm/s for the first and 50 cm/s for the latter, as shown 
in figure 3.8(a). This was in contrast with the results obtained for the filter paper, 
but also with the 50 µm results of figure 3.8(b), where the velocity of first 
extinction are the same in both configuration, as seen for cellulose.  
These results for downward spread can be explained taking into account the 
dripping of small quantities of melted fuel, observed on PMMA samples surface 
and shown in figure 3.9. The liquid fuel accumulates in front of the flame leading 
edge modifying the boundary layer structure and creating a sort of heat reservoir 
that, dripping downward and pre-heating the virgin fuel, “drags” the flame itself 
down, helping the spread and moving the extinction closer to the sample tip. 
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(a) 
 
(b) 
Figure 3.8: Vertical and horizontal extinction lengths comparison for PMMA 75 
µm (a) and 50 µm (b). 
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Obviously this dripping effect has an impact proportional to the fuel thickness. 
A greater quantity of melted fuel corresponds to an increased downward 
dragging effect on the flame. However, it must be said that PMMA 200 µm did 
not present any dripping and this was because of the different manufacturing 
technology used. Indeed, as found during other contemporary studies on PMMA 
[17], dripping effect was only present in extruded PMMA samples, while cast 
samples did not show anything like that. For thicknesses greater than 1 mm the 
dripping was so significant that the melted plastic accumulated at the bottom of 
the sample sometimes generated another flame that spread on the sheet in the 
upward direction.  
Figure 3.10 shows how extinction distance can change in presence of dripping 
for both fuel thicknesses used. This explains why the vertical experiments for 
PMMA 75 µm do not present extinction until an opposing-flow velocity of 70 
cm/s. 
 
(a) 
EXTINCTION  Chapter 3 
 
51 
 
 
(b) 
 
(c) 
 Figure 3.9: Image arrays of downward flame-spread over PMMA samples of 
different thickness. In the 50 µm (a) and 75 µm (b) cases, the “dripping effect” is 
well noticeable, with the formation of bumps and an irregular shape of the flame 
front. In the 200 µm case (c) there is no accumulation of melted fuel at the 
leading edge and flame spread and shape are regular. 
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(a) 
 
(b) 
Figure 3.10: Effect of dripping on the extinction distance with Vg = 80 cm/s for 
PMMA 75 µm (a) and 50 µm (b). The upper samples do not present dripping 
effect. The droplets of melted fuel, responsible of the flame “dragging” and 
hence extinction length shortening, are evident, with their different size, in the 
lower sample of both pictures.  
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 The dripping effect basically acts in opposition to the buoyancy effect and, 
although it does not seem to be strong enough to influence extinction for PMMA 
50 µm, it affects the flame-spread rates of both PMMA fuels in a comparable 
manner, as it will be shown in the next chapter.  
Another interesting aspect of PMMA extinction regards the fact that, for 
downward spread configuration, data points for PMMA 50 µm were found in 
figure 3.11(a) on the left of PMMA 75 µm and 200 µm, contradicting the results 
obtained for filter paper, where thinner samples extinguish closer to the leading 
edge of the sheet. 
At first, the dripping effect was considered to be the responsible of this 
unexpected behaviour, but experiments carried out in the horizontal 
configuration revealed this assumption to be wrong. This is shown in figure 
3.11(c), where the PMMA 50 µm data points are still on the left of the 75 µm 
ones.  
 
(a) 
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(b) 
 
(c) 
Figure 3.11: Overall extinction distance results, obtained for PMMA in vertical 
configuration (a), Cellulose in vertical configuration (b) and PMMA in 
horizontal configuration (c).  
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Chapter 4 
Flame spread study 
 
4.1 Diffusion flame-spread model 
In the present work the flame-spread model considered in our assumptions was 
the two-dimensional laminar diffusion model developed by De Ris [10], as it was 
in many other works carried out by Hirano et al., focused on the flame spread 
over thin solid fuel samples facing an opposing-flow inside a channel  [29, 30, 
31]. Of course, in order to study the aerodynamic effect on the flame spread, the 
Oseen flow assumption present in De Ris model was substituted in our case by a 
Blasius boundary layer. 
 Both PMMA and cellulose flames (the first in particular) present a blue 
region in front of the flame though, which leaded many researchers to conclude 
that a premixed area could be present [1, 2, 29]. Moreover, constant fuel 
properties, such as fuel vaporizing temperature and thermal diffusivity, have 
been demonstrated not to be realistic, because subjected to pressure fluctuations 
[20].  
Although the triple flame model introduced again by De Ris [11] and developed 
by others, would have probably been the most realistic choice, because it 
considers the presence at the flame front of a region where vaporized fuel and 
oxidizer mix together before ignition, for our purposes the diffusion flame 
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hypothesis was not unrealistic and surely easier to be analysed. Figure 4.1 shows 
a representation of the flame-spread model considered.  
As already discussed in chapter 1, the fuel is heated up by heat conduction 
through the gaseous phase and not through the solid one. The flame, as long as it 
remains in the thermal regime, spreads at constant velocity, as function of fuel 
nature, sample thickness and oxidizer flow composition [3, 15, 19, 28]. 
 
 
Figure 4.1: Diffusion flame spread model with aerodynamic boundary layer 
development effect. 
The flow velocity that flame front really experiences depends on the distance 
from the sample tip, because of the aerodynamic boundary layer effect generated 
by the sample immersion in a constant uniform flow field. 
In order to quantify the extension of the fuel sample surface that is influenced 
by heat transfer, a characteristic diffusion length of the gas-phase is defined:  
 𝐿𝑔 =
𝛼𝑔
𝑉𝑟
 (4.1) 
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Where αg is the thermal diffusivity (assumed to be constant) and Vr is the flow 
velocity at the sample leading edge, sum of the free stream velocity (Vg) and the 
flame velocity (Vf ). 
Hence, considering the quantity of oxidizer that reaches the flame as directly 
proportional to the air flow velocity, the flow residence time is defined as follow:  
 𝑡𝑟 =
𝐿𝑔
𝑉𝑟
 (4.2) 
According to the last two equations, the residence time tr is inversely 
proportional to the square of the free stream flow velocity Vr
2
 [24, 25].  
This perfectly shows how Vr (≈ Vg) plays a crucial role in the flame-spread 
phenomena. In fact, for the exothermic reaction to occur and heat up the virgin 
fuel, the residence time must be sufficiently large and this is possible only for 
low and moderate oxidizer flow velocities (or sufficiently far from the sample 
leading edge for high velocities, because of the boundary layer effect).  
A large residence time corresponds to a large Damköhler number and to an 
infinitely fast chemical reaction. This is the case of the thermal spread regime 
and results in a quasi-steady, constant spread rate [24, 25]. On the other hand, for 
high flow velocities and smaller Damköhler numbers, the reaction cannot be 
considered infinitely fast anymore and the flame enters in the kinetic regime [28]. 
The kinetic regime shows a decreasing flame-spread rate and it is the one 
observed in the last part of the spread before extinction, although a region of low 
reactivity and finite-rate chemical kinetic close to the fuel surface has been 
identified by De Ris and Frey et al. [2,10] throughout the entire flame spread, 
even in the thermal regime.  
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4.2 The width effect 
In order to demonstrate the validity of the two-dimensional model assumption 
made, it was necessary to inquire on the sample width effect. 
 The comparison experiments were carried out using two different width of 
filter paper samples Whatman® Grade 1 and therefore for the same thickness of 
180 µm (as shown in table 3.2).  
For a comparison of the order of magnitude of the spread rates, the first width 
was chosen to be as 20 mm, as the one used in the Flame Tower experiment. The 
second width was chosen as twice as much the other, and then 40 mm, in order to 
have a sufficient relative disparity amid them [13]. A width smaller than 20 mm 
was not considered in order to avoid heat losses through the sample holder with 
consequent flame quenching. 
Experiments were carried out starting from an opposed-flow velocity of 0 cm/s 
and reaching 90 cm/s, with steps of 10 cm/s, as shown in figure 4.2, where the 
average spread rates were obtained using  the Flame Analyzer software. 
 
Figure 4.2: Flame-spread rate comparison as function of width for cellulose. 
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As it can be seen the two sets of data points are relatively congruent one 
respect to the other and the maximum difference found is of 0.07 mm/s for a flow 
velocity of 10 cm/s. 
Thus the two-dimensional hypothesis made can be considered to be 
sufficiently accurate and, being side effects proven to be negligible, also the 
assumption of forward heat transfer only through the gaseous phase at the flame 
leading edge acquires strength. The spread-rate will be the same then, no matter 
how wide is the sample. 
On the basis of this result the width was excluded from the parameters 
influencing the flame-spread behaviour and kept constant to a value of 20 mm. 
The effects of all the other parameters will be analysed in the next sections. 
4.3 Thickness and flow velocity effects 
Thickness is an important parameter in determining the flame-spread rate 
independently from the type of material, as already found by many authors [1, 5, 
8]. 
The results found for both PMMA and cellulose in the vertical configuration 
are shown in figure 4.3 and are perfectly in agree with previous works results. 
Cellulose 390 µm data do not go further than 50 cm/s because, for higher flow 
velocities the extinction occurred after a very short distance, as shown in figure 
3.11(b) 
The values plotted are referred to the average spread rates, measured with the 
Flame Analyzer through the entire spread until extinction, therefore considering 
also the part in which the flame experiences the kinetic regime. The results for 
the horizontal configuration do not present any significant difference with respect 
to the vertical and are not shown.  
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(a) 
 
(b) 
Figure 4.3: Overall flame-spread rate results for cellulose (a) and PMMA (b).  
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Increasing the thickness of the sample the values of the average spread rate 
drop down. This can be easily explained with the larger amount of heat that is 
necessary in thicker samples to increase virgin fuel temperature to the vaporizing 
point.  
Another important result shown in figure 4.3 is the effect of opposing-flow 
velocity changes. The spread rate resulted to decrease with the free stream 
velocity, according with the results found by other authors [1 – 4, 23, 33]. 
Thicker samples showed bigger flames at least for low velocities. Indeed, 
increasing the flow rate, the flame size for different thicknesses became more 
similar (smaller) and practically identical for very high velocities or for near 
extinction conditions. This was particularly evident for PMMA as shown in 
figure 4.4. 
Although some correlations between flame shape geometry and diffusion pre-
heated length exist [26], they are valid only for the thermal regime of the spread. 
In fact the values assumed by the spread rate near extinction (near-limit kinetic 
regime) vary with the sample thickness, even if the flame shape is very similar.  
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Figure 4.4: Flame size for different PMMA sample thicknesses and different 
free-stream flow velocities. 
An interesting fact to be noticed is the transition that most of data sets present, 
from flat in the low velocities range, to a downward slope from moderate to high 
velocities. This characteristic shape reminds the transition from thermal to kinetic 
regime and is due to the residence time reduction. When it drops below a certain 
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threshold and becomes closer to the chemical reaction time, it leads to a decrease 
in the flame-spread rate values. 
The residence time indeed decreases for 2 reasons: 
 The increasing of flow velocity.  
 The decreasing of diffusion length due to flame shape variations, with 
consequent reduction in the forward heat transfer coming from the hot 
gas in front of the flame leading edge. 
These two points could explain the nonlinear flow velocity dependence of the 
residence time relation found before in the chapter (equation 4.2). 
The plots do not show any spread rate increasing, even for very low velocities, 
as it could appear reasonable considering the more oxidizer available for the 
reaction. The reason is that the radiative regime, wherein for thermally thin fuels 
this would happen, difficultly occurs in a gravity environment. This is because 
convective mass flows are always present, with their oxygen provision, even in 
the absence of forced flow and in the horizontal configuration [27, 8].  
4.5 Boundary layer effect 
As already discussed, the flame-spread rate depends upon the opposing-flow 
velocity and both flame spread and extinction phenomena are affected by the 
aerodynamic boundary layer generated by the sample holder immersed in the 
flow field.  
What the experiments showed though, was not a constant spread velocity all 
along the sample, as we could expect at least far from extinction [8, 11]. This 
suggests that the flame passes from a thermal to a kinetic regime during its 
spread depending on the boundary layer shape and velocity gradient. 
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(a) 
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(b) 
Figure 4.5: (a) shows the front and side view of the flame for the different flow 
velocities. In every  picture are indicated the flame leading edge position respect 
to the sample tip and the relative Blasius boundary layer thickness (δ). The 
presence of melted fuel in front of the flame is particularly evident; (b) shows the 
Blasius boundary layer development together with the in scale side view of the 
flame, for an opposing-flow velocity of  60 and 100 cm/s. 
Many researchers have studied the aerodynamic effects on flame shape and 
behaviour using the velocity gradient model, but their works were mostly 
focused on micro-gravity spread [8, 23, 27] and it is difficult to find experimental 
studies on varying spread rate along sample exposed to a constant flow field. 
The boundary layer development changes the actual velocity seen by the flame 
leading edge during the spread. As the flame moves toward the sample tip the 
boundary layer thickness decreases and the velocity gradient becomes steeper, 
exposing the flame front to an increasing value of opposing-flow velocity, which 
in turn leads to a spread rate decreasing. 
Figure 4.5 illustrates the front and side views of the flame under different free-
stream velocity conditions for PMMA 75 µm and an in-scale representation of 
the flame embedded in a Blasius laminar boundary layer, found for an 
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intermediate temperature between the adiabatic and the room ones. Also here the 
formation of liquid fuel droplets at the flame leading edge is evident. 
Various examples of spread rate variation along the sample for cellulose and 
PMMA, obtained with the Flame Analyzer, are shown in figure 4.6. For each 
fuel, the spread rate is plotted with respect to both time and boundary layer 
development distance. In case of PMMA 75 µm the spread rate dropped down to 
a third of the initial value. 
 
(a) 
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(b) 
 
(c) 
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(d) 
Figure 4.6: Spread rate vs time and spread rate vs boundary layer development 
results, obtained with the Flame Analyzer, for PMMA 75 µm with opposed-flow 
velocity of 70 cm/s (a), (b) and for cellulose 180 µm with flow velocity of 65 
cm/s (c), (d).  
In order to show the results over the entire range of opposed-flow velocities it 
was chosen to ideally divide the flame spread in two parts, for each one of whose 
the average spread rate was found. Although a division based on development 
distance would have been preferable, it was chosen to divide the spread with 
respect to time because of the easier procedure of computation. It needs to be  
said that the sample length control is important because it determines the 
boundary layer development and small changes can lead to not negligible 
differences in the flame-spread results.  
The results for Cellulose 180 µm and PMMA 75 µm are shown in figure 4.7. It 
is important to notice that, incrementing the flow velocity from low to moderate-
high values, the gap between the two spread rates becomes initially larger and 
then, increasing further the velocity, decreases back to the initial values. This is 
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due to the very small development length through which the spread takes place 
for high velocities. Indeed the opposed-flow velocity difference experienced by 
the flame inside the boundary layer in those cases is too small to sensibly affect 
the two average flame-spread rates on such short distance. 
 
(a) 
 
(b) 
 Figure 4.7: Average spread rates for first and second part of the spread, as 
function of free-stream velocity, for cellulose 180 µm (a) and PMMA 75 µm (b). 
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 4.5 Buoyancy effect 
During the last decades many authors have investigated on the effect of 
buoyancy over a flame spreading on a solid fuel surface [4, 6, 9, 31, 32]. To carry 
out the testing, sample inclination needs to be changed. This corresponds to a 
change in the relative direction of gravity and hence in the strength of the 
convective flows generated by density differences in the oxidizer medium.  
For some of the experiment arrangements used in previous works, the rotating 
axis was the one perpendicular to the fuel sheet surface and this resulted in a 
different behaviour of the flame on the upper and lower side of the sample during 
the spread [31, 32]. To avoid the instabilities caused by this dissimilarity in the 
flame shape and to keep the symmetry of the problem, it was chosen to build a 
frame for the Flame Tunnel experiments which allowed us to rotate the sample 
around the direction perpendicular to its surface.  
Many works also focused on the effect of buoyancy absence in actual or 
simulated micro-gravity environment [7, 20, 23, 27, 33]. For what concern the 
latter, narrow channels have been used to suppress the buoyant flow that 
normally arises in presence of flame.  
In the present work only the vertical (downward) and horizontal spread are 
compared. In the first case the gravity is aligned with the direction of the spread 
and the resulting buoyant flow is opposed to the flame motion, ideally going to 
add itself to the nominal free stream flow velocity. For what concern the 
horizontal configuration the buoyancy can be considered negligible because it 
acts perpendicularly to the flame motion and the forced oxidizer mass-flow rate. 
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According to [2, 4, 5], a theoretical formula to evaluate the convective flow is 
given by: 
 𝑉𝑐𝑣 = 𝑉𝑐𝑣,0 [
𝑔𝛼𝑔(𝑇𝑓 − 𝑇∞)
𝑔0𝛼𝑔,0(𝑇𝑓 − 𝑇∞)0
]
1/3
 (4.3) 
With αg being the gas thermal diffusivity, g the gravity component parallel to the 
direction of flame motion, Tf the flame temperature, T∞ the room temperature and 
Vcv,0 the convective velocity at the reference state 0 at which αg,0, g0 and (Tf - 
T∞)0 have been evaluated. Our reference state is represented by vertical 
configuration and atmospheric conditions, for which Vcv = Vcv,0 = 30 cm/s, 
according to previous works [4, 5] 
This value of the convective velocity is assumed to be constant although 
obviously presents fluctuations due to the variable size and shape of the flame. 
However, the results obtained for cellulose and shown in figure 4.8(a), 
demonstrate that buoyancy affects the spread, slowing down the flame downward 
motion. This is totally in agree with previous studies carried out by Hirano et al. 
[30] and others [4]. Furthermore, by shifting 30 cm/s to the right the vertical data 
set of figure 4.8(a), we obtain the plot of figure 4.8(b), where the two data sets 
overlap very well, proving the validity of the constant convective flow 
assumption.  
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(a) 
 
(b) 
Figure 4.8: Flame spread comparison between horizontal and vertical 
configuration for cellulose 180 µm (a). In (b) is shown the same comparison after 
shifting of 30 cm/s to the right the vertical data. 
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(a) 
 
(b) 
Figure 4.9: Flame spread comparison between horizontal and vertical 
configuration for cellulose PMMA 50 µm (a) and 75 µm (b). 
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Totally different are the results for PMMA, shown in figure 4.9. For both 
thicknesses the flame-spread rate results to be higher in the vertical configuration 
than in the horizontal until an opposing flow velocity of about 60-70 cm/s. 
Increasing further the velocity, the plot inverts his trend, showing again higher 
spread rates for the horizontal configuration, in agree with cellulose results. 
Therefore there must be conflicting aspects influencing the flame-spread rate 
over PMMA samples. 
The strange behaviour of PMMA could be explained considering the dripping 
effect. For low to moderate opposing-flow velocities the effect is strong enough 
to overwhelm the buoyancy effect, dragging the flame downward with a flame-
spread rate higher than the one registered in the horizontal configuration, where 
neither convection nor dripping are present. On the other hand, for moderate to 
high free-stream flow velocity, the influence of dripping seems to become 
negligible compared to the one of buoyancy and forced flow summed together.  
Table 4.1 shows a vertical-horizontal comparison between the spread rates of  
the first and second parts of the flame advancement, for an opposed-flow velocity 
of 60 cm/s. This flow velocity was chosen because of its location in the transition 
range of figure 4.9, where the prevalent dripping effect evolves into a prevalent 
buoyancy effect.  
 PMMA 50 
Vf      (mm/s) 
PMMA75 
Vf      (mm/s) 
1
st
 Part 2
nd
 Part 1
st
 Part 2
nd
 Part 
Horizontal 4.5 4.4 4.2 4.1 
Vertical 4.7 4.3 4.7 2 
Table 4.1: Comparison of the 1st and 2nd part spread rates for Vg = 60 cm/s. 
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For both PMMA 50 and 75 µm, it was found that the first part of the spread is 
faster in the vertical configuration, while for the second part is valid the opposite. 
This seems to confirm the hypothesis illustrated before: the transition from a 
predominant aspect to the other occurs during the flame motion over the sample 
(at least for moderate nominal Vg), because of the variation in the actual velocity 
experienced by the flame leading edge due to the boundary layer development.  
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Chapter 5 
Conclusions 
 
5.1 General results 
The study was carried out with the aim of investigate on the aerodynamic 
boundary layer effect on flame spread over solid fuels and its interaction with the 
buoyancy effect in different gravity conditions. 
The Oseen-flow assumption has been demonstrated to be not realistic and not 
able to entirely describe the flame spread problem [8]. In fact a pure heat-transfer 
model would not show any changes in the spread rate and do not predict  
extinction, in contrast with what experimentally found. Using the Flame 
Analyzer was indeed possible to determine the instantaneous spread rate values 
throughout the entire experiment and the results shown in chapter 4 indicate that 
these variations of spread rate take place.  
The velocity gradient model that could describe this behaviour has been 
around since the ‘80s but Bhattacharjee et al. were the first to directly consider 
the flame distance from the sample leading edge in order to determine the actual 
velocity faced by the flame inside the boundary layer and also this work went in 
that direction. The spread rate decreasing along the sample was demonstrated to 
occur for a wide range of velocities, for both PMMA and cellulose fuels and for 
either vertical and horizontal configurations. This was accomplished dividing the 
spread in two parts on a time basis and taking the average spread rate for each of 
CONCLUSIONS  Chapter 5 
 
77 
 
the two. As shown in chapter 4, the first part of the spread was faster than the 
second. 
As predicted, spread rate dropped down increasing opposed-flow velocity and 
sample thickness. Also extinction distance was found to be dependent on flow 
velocity and sample thickness. In particular it was found to increase 
proportionally to both of them, although an important exception was registered in 
the PMMA 50 µm case, for which the extinction distance was found to increase 
with respect to the one of PMMA 75 µm (this happens in either vertical and 
horizontal configurations, suggesting that it is not a buoyancy dependant 
phenomenon). 
Varying the opposing-flow velocity also variations in the flame size were 
observed. Spread rate must be related to the flame size because of its obvious 
influence on the heat transfer between gaseous and solid phases, but cannot be 
determined only on its basis. Indeed, although at high velocities the flame 
dimension decreases  to the same size for different thicknesses, the spread rates 
and the extinction lengths result different.  
What was not predicted was the importance of the dripping of melted fuel over 
the PMMA samples, which was found to affect both spread rate and extinction 
(the latter only for 75 µm thickness). This will be discussed in the next section.  
5.2 Forced flow and buoyancy interactions 
The interaction between forced flow and buoyancy was investigated running the 
experiments in two different configurations, in particular a horizontal  and a 
vertical downward ones.  
The results found for cellulose spread rates indicate that buoyancy can be 
assimilated as a “naturally added” flow of about 30 cm/s. This gave us also an 
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useful approximate evaluation of its magnitude inside the Flame Tunnel duct. For 
what concern extinction instead, its effects could not be as simply evaluated and 
seemed to acquire importance only at high forced flow velocities. This could be 
explained with the presence of some complex interaction mechanism between 
boundary layer and convective flow that lead the flame to a premature extinction. 
For what concern extinction in PMMA, results analogue to those of cellulose 
were found comparing vertical and horizontal experiments for 50 µm thickness, 
while 75 µm showed a lower first velocity of extinction in the horizontal 
configuration. A possible explanation for this was found in the dripping of 
melted plastic material occurred in the vertical experiments ran with extruded 
samples. Indeed this could have helped the flame downward spread, leading to a 
delayed extinction. 
The PMMA spread rate results were instead totally different from the one 
found for cellulose. For both 50 µm and 75 µm thicknesses the horizontal spread 
rates were found to be higher than the vertical for low to medium opposing-flow 
velocities, while the trend inverted for medium to high velocities. This could be 
due to the presence of two conflicting phenomena, in particular the dripping 
effect and the buoyancy effect. The second acquires importance only at high flow 
velocities and therefore in the low opposed-flow velocity range the spread rates 
result to be higher in the vertical configuration because of the dripping effect 
helping the spread.  
5.3 Future developments 
Natural prosecution of this research should be the investigation of the buoyancy 
effect in the other angle configurations, also to verify the validity of equation 4.3 
for the Flame Tunnel duct.   
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In order to obtain more significant results, the partial spread rates of figures 
4.7 should be obtained on a development distance basis more than a time basis. 
This could be accomplished placing other marks on the sample holder and 
calculating the average spread rate over the interval needed by the flame to cover 
that section. In this way the spread could be divided in as many part as wanted. 
Although very thin PMMA fuels like 50 and 75 µm do not give reliable results 
because of the dripping and the difficulty to keep them flat on the holder, it 
would be important to further investigate on such small thicknesses and even 
smaller to find out the physical mechanism that bring extremely thin fuels to an 
earlier extinction. Investigation on cast PMMA should be extended as well, to 
thicknesses greater than 200 µm. 
Expanding the flow velocity range over 100 cm/s would be useful in order to 
have a better idea of the extinction distance trend. The possibility of measure the 
velocity at the flame leading edge would also help, permitting to directly 
determine the convective flow magnitude and the evolution of its interaction with 
the boundary layer throughout the entire spread.  
Implementing all the improvement discussed, the instantaneous spread rate 
plots obtained with the Flame Analyzer for filter paper and PMMA 200 µm could 
be employed to determine an empirical law for the flame spread or could help 
formulating a new physical model that take into account the strict interactions 
between forced-flow boundary layer, buoyancy and heat transfer mechanisms. 
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Appendix A 
The SoFIE program 
 
Since the beginning of space exploration research on fire hazard had played a 
crucial role in spacecraft safety and reliability. Fire behaves in a completely 
different manner in micro-gravity environments, therefore ignition and 
propagation, e.g. in the electronic components, could be not only very hard to 
detect and handle, but also to predict. 
With the beginning of manned exploration, the problem became even more 
dramatic. The life supporting environment, rich in oxygen and hence perfect to 
sustain and even assist the flame propagation, together with the toxic gases that 
might be eventually produced by the reaction, represent primary risk factors on 
board. 
Accurate choice of materials and establishment of rigid protocols in case of 
fire where developed by space agencies worldwide. It is also thank to these 
precautions that the accident occurred in 1997 on the russian space station Mir 
did not end up in catastrophe. 
On the model of these research, in 2009, NASA gave the start to project SoFIE 
(Solid Fuel Ignition and Extinction). Main objectives of the program are the 
study of ignition and flammability of common materials present on board and the 
develop of proven fire suppression techniques, in practical geometries and 
realistic atmospheric conditions. 
From the SoFIE website
1
: “NASA mitigates the risk of fire with the 
implementation of NASA-STD-6001, which establishes program requirements for 
evaluation, testing, and selection of materials to preclude unsafe conditions 
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related to flammability, odor, offgassing, and fluid compatibility. NASA-STD-
6001 implements a 1-g flame propagation test for proposed space flight 
materials which some researchers believe is not conservative in low-g”. 
Five distinct research projects were approved for the SoFIE program: 
 Residence Time Driven Flame Spread  
(Prof. Subrata Bhattacharjee, San Diego State University) 
 Narrow Channel Validation  
(Prof. Fletcher Miller, San Diego State University) 
 Growth and Extinction Limit  
(Prof. James T’ien, Case Western Reserve University) 
 Material Ignition and Suppression Test  
(Prof. Carlos Fernandez-Pello, University of California Berkeley) 
 Spacecraft Materials Microgravity Research on Flammability  
(Dr. Sandra Olson, Glenn Research Center) 
Potential impact of the program on space safety improvement should be the 
enhancement of the Extravehicular activity (EVA) suit, selection of safer cabin 
materials, validation of flammability numerical models and 1-g protocols for 
low-gravity fires, determination of optimal suppression techniques for burning 
materials.
1
 
 
                                                          
1
 http://spaceflightsystems.grc.nasa.gov/SOPO/ICHO/IRP/FCF/Investigations/SoFIE/ 
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